The incidence of pediatric adrenocortical tumors (ACTs) is remarkably high in southern Brazil, where more than 90% of patients carry the germline TP53 mutation R337H. We assessed the impact of early detection of this mutation and of surveillance of carriers.
INTRODUCTION
Childhood adrenocortical tumors (ACTs) are rare 1 but remarkably frequent in southeastern and southern Brazil, [2] [3] [4] where Ͼ 90% of patients carry a point mutation in exon 10 of TP53, causing the substitution of histidine for arginine (R337H). 3 Other low-penetrance TP53 mutations associated with pediatric ACTs suggest that their aggregate frequency worldwide is higher than previously thought. [5] [6] [7] [8] [9] In the R337H cluster area, ACTs 3, 10 and choroid plexus carcinoma (CPC) 11, 12 are the most frequent cancers in carriers age Ͻ 15 years, whereas breast, brain, and stomach cancers are most common at older ages. 5 In this age group and this region of Brazil, more deaths occur as a result of ACTs than phenylketonuria, cystic fibrosis, or sickle cell disease, which are typically included in neonatal screening. ACTs are easily curable by resection when small, but advanced-stage ACTs carry a poor prognosis. 4 Because this mutation is accurately and inexpensively detectable, we investigated the feasibility, cost, and effectiveness of neonatal screening and surveillance of young carriers for ACTs in the state of Paraná, Brazil.
PATIENTS AND METHODS

Study Population
Paraná has approximately 10.5 million residents (35% age Ͻ 15 years; approximately 80% urban), whose ancestry is mainly European (77% white; 18% mixed race [African, Asian, Native American]). Mean monthly household income is US$660.
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Screening
Newborn screening (NBS) for the TP53 R337H mutation was offered free at all Paraná hospitals. Of 180,000 newborns offered screening, 171,649 were screened with written consent. All mothers were precounseled about the high incidence and clinical manifestations of ACTs, their association with the mutation, and known health implications for carriers. Mothers were given contact information for remaining questions. Parents of positive newborns received information about ACTs, genetic counseling, and consultation with a study physician. With consent, positive newborns underwent confirmatory testing, and both parents were tested to determine the carrier line. All available relatives from the carrier side were then offered testing. Parents of positive relatives age Ͻ 15 years were invited to consent to surveillance; older relatives were counseled and referred to a medical provider. The cancer history of each family was taken by a trained physician or genetic specialist.
Detection of TP53 R337H Mutation
The Data Supplement describes the assay protocol in detail. Briefly, blood samples were blotted directly onto filter paper and processed in 96-well microplates. A 447-bp DNA segment encompassing TP53 exon 10 was amplified by polymerase chain reaction. The amplicon was incubated with HhaI endonuclease. Electrophoresis yielded a single 447-bp fragment (indicating the R337H allele) or two fragments of 154 and 293 bp (wild-type allele). For confirmation, exon 10 was sequenced in all R337H-positive neonatal specimens. Figure 1 provides a schema of screening and surveillance. ACT surveillance included family education and periodic physical examination, including abdominal ultrasonography and serum dehydroepiandrosterone sulfate, total testosterone, and cortisol assays. Frequency of surveillance was determined by age (Fig 1) . Abdominal magnetic resonance or computed tomography imaging was recommended when any hormone level remained elevated after 15 to 30 days. Laparotomy was performed only if imaging clearly demonstrated an adrenal mass; otherwise, children were referred to pediatric endocrinologists. Screening, surveillance, and treatment (for uninsured children) were free of charge.
ACT Surveillance
Surveillance was conducted at the study site in Curitiba or by local pediatricians provided with surveillance guidelines and real-time Web-based consultation (www.curadotca.org.br). Most tumor resections were performed in Curitiba. Table 1 lists characteristics of surveillance participants and nonparticipants for analysis. We employed stringent criteria for the participant group to rigorously assess the effectiveness of surveillance in detecting small, curable tumors. Participants whose scheduled examinations were delayed Ͼ 3 months or delayed Ͼ 2 months twice within 1 year were grouped with nonparticipants for analysis.
Research Participant Protection
This study was approved by the Ethics Committees for Research With Human Subjects of the Hospital de Clínicas (Federal University of Paraná) and Hospital Pequeno Príncipe (Curitiba). Participation of all maternity centers was approved by the Brazilian Federal Ethics Committee (Brasília). The St Jude Children's Research Hospital institutional review board approved participation of its faculty members.
Newly delivered mothers received pretest counseling; they were informed that they would receive clinical and laboratory information and genetic counseling if their child tested positive, and members of the affected parental line would be offered free R337H testing. Parents of positive children were informed about the early clinical manifestations of ACTs, and family cancer histories were taken. Relatives of the carrier parent were given an informed consent document, print and digital video descriptions of the surveillance program and clinical manifestations of ACTs, and a Web site (www.curadotca.org.br) for additional information. Separate written informed consent for surveillance was obtained from a parent or legal guardian.
Statistical Analysis
We assumed that the R337H mutation (resulting from a founder effect 14 ) had reached steady-state in Paraná. The mean population of Paraná during 2005 to 2009 and the frequency of mutation-positive newborns were used to estimate the population frequency of the mutation. We calculated the annual incidence of ACTs in children age 0 to 4 years from the mean birth rates (2005 to 2009) in the 22 Paraná health districts and the observed annual incidence of ACTs.
The cumulative age-specific penetrance of ACTs in children identified as carriers at birth was analyzed from surveillance cohort data by the method of Kalbfleisch and Prentice.
15 ACT-free time was calculated from birth to ACT diagnosis or most recent follow-up. We analyzed penetrance in consecutive 2-year age categories by computing the linearly interpolated cumulative incidence curve. SE and 95% CIs were calculated for each age segment by bootstrap sampling with 10,000 repetitions.
The Wilcoxon rank sum test was used to compare age at diagnosis, tumor volume, and tumor weight in surveillance participants versus nonparticipants, as defined in Table 1 , excluding homozygous R337H carriers and noncarrier screened newborns who developed ACTs. Fisher's exact test was used to compare the distribution of sex, disease stage, and initial treatment in surveillance participants and nonparticipants. A P value Ͻ .05 was considered statistically significant.
RESULTS
Incidence of R337H Mutation and Pediatric ACTs
Between Of the 171,649 newborns tested, 461 (0.27%) carried the R337H mutation. Therefore, 0.27% (95% CI, 0.24% to 0.29%) is the estimated prevalence of the mutation in newborns in Paraná. Prevalence according to health district differed widely (P ϭ .020), ranging from 0.075% (95% CI, 0.001% to 0.27%) to 0.51% (95% CI, 0.30% to 0.81%; Fig 2) . 1. Children in full compliance with surveillance program (n ϭ 248), including those identified and examined by trained public clinics 2. Children who missed some appointments but underwent Ն two medical examinations and hormone tests per year (n ϭ 42) 3. Children who were excluded for noncompliance but who, after counseling, returned to full compliance (n ϭ 56); none showed evidence of tumor development at time of readmission to surveillance Surveillance nonparticipants (n ϭ 351 R337H heterozygotes)
1. Newborns whose parents could not be located (n ϭ 31); their mothers received general information about mutation and ACTs during consent for NBS 2. Children whose parents declined to participate in surveillance (n ϭ 130); these parents consented to confirmatory testing and received additional information about implications of mutation and clinical features of ACTs 3. Children whose parents wanted to participate in surveillance but were unable to comply with schedule (n ϭ 81); these children had too few medical visits and hormone tests to meet inclusion criteria 4. Children enrolled onto surveillance program who subsequently became noncompliant (n ϭ 109); their parents were informed of implications of mutation and clinical features of ACTs Abbreviations: ACT, adrenocortical tumor; NBS, newborn screening. During the study period, 11 children heterozygous for the R337H mutation at birth developed ACTs; therefore, the estimated penetrance of ACTs (follow-up, 3.0 to 6.7 years) was 2.39%. The estimated cumulative penetrance (mean Ϯ SE) was 0.7% Ϯ 0.49% at 2 years and 2.21% Ϯ 0.9% at 5 years of age. Because approximately 80% of pediatric R337H-associated ACTs develop during the first 5 years, only a few more patient cases are expected.
Two ACTs were diagnosed among the 171,188 children negative for the mutation at birth (wild-type germline TP53 confirmed by sequencing; Table 2 ; Fig 3) . Frequency of ACT differed significantly between newborns negative (two of 171,188) and positive (11 of 461) for the mutation (P Ͻ .001). Overall sensitivity of screening was 84.6% (11 of 13); specificity was 99.7% (171,186 of 171,636); positive predictive value was 2.4% (11 of 461); negative predictive value was 100% (171,186 of 171,188; Fig 3) . Assuming that the 171,649 tested newborns represented a random sample of children age Յ 5 years in Paraná, the 13 patient cases of ACT among children screened at birth indicated a mean annual incidence of 27.6 per million children age Յ 5 years (95% CI
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, exact method). Girls showed a much higher frequency of ACTs. Fifteen of the 19 screened children who developed ACTs were girls; four were boys (P ϭ .012). Among surveillance participants, the R337H mutation was equally distributed among boys (n ϭ 170) and girls (n ϭ 177), but the estimated cumulative incidence (mean Ϯ SE) of ACTs at age 5 years was 3.65% Ϯ 1.5% in girls versus 0.65% Ϯ 0.65% in boys (P ϭ .06, Wilcoxon rank sum test). Table 1 defines the surveillance cohorts as analyzed. Reasons for not consenting to surveillance or for incomplete adherence included low education and socioeconomic level, long travel distance to the study center, inability to leave work for the child's appointments, and perceived low risk of ACTs. As shown in Figure 3 , participants comprised 346 carriers (290 identified at birth; 56 identified at age Ͻ 15 years). As of April 2012, seven of these children (six identified as newborns) had developed ACTs. Carriers in the nonparticipant group comprised 171 children identified at birth and 180 identified at age Ͻ 15 years. Eight of these 352 children (five identified at birth) had ACTs. The two neonatally screened noncarrier patients with ACTs and the two relatives homozygous for R337H were excluded from group comparisons.
Comparison of Surveillance Cohorts
Median age at diagnosis of ACTs (17 carcinomas; two adenomas) was 15 months (range, 3 to 112 months; Table 2 ) and did not differ significantly between surveillance participants and nonparticipants (Table 3) . However, median tumor weight (P ϭ .003) and volume (P ϭ .007) at diagnosis were dramatically lower among surveillance participants (P Ͻ .001). Moreover, mild virilization was typically observed in the surveillance cohort (five of eight), whereas advanced Mutation screening and adrenocortical tumor (ACT) detection in surveillance versus nonsurveillance groups as defined for outcome analysis. Newborns and relatives positive for TP53 R337H mutation and children diagnosed with ACT during study period are shown according to analysis; those not eligible for analysis as surveillance participants listed as not in ACT surveillance group. (*) Two relatives age Ͻ 15 years who were homozygous for R337H mutation had ACTs but were excluded from analysis (one would have been assigned to surveillance group and one to nonsurveillance group). ( †) Two newborns who did not carry R337H mutation later developed ACTs.
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www.jco.org virilization was predominant in nonparticipants. None of the surveillance participants experienced relapse, and all remained disease free 31 to 48 months after diagnosis. Conversely, two of the eight nonparticipants experienced relapse, and one died as a result of progressive disease. Four of eight nonparticipant children required intensive adjuvant chemotherapy for extensive local disease.
Family Cancer History
Cancer histories and complete pedigrees were obtained for 353 families. When one parent was unavailable and the other was a noncarrier, the carrier line was identified by screening relatives. In the carrier lines, 3,523 relatives were tested; 1,704 (48%) carried the mutation, and 2,238 declined testing or were unavailable. Three children were homozygous for the R337H allele. Two of them (Table 2 ; patients 16 and 17) had ACTs, and one child developed CPC.
A variety of cancers were reported in 605 individuals (including probands) in the carrier lines. However, cancer distribution was inconsistent: 30.8% (109 of 353) had no family history of cancer, 27.4% (97 of 353) had Ն three patient cases and met the criteria for LiFraumeni-like syndrome, 16 and 41.6% (143 of 353) fit no clinical criteria for a cancer syndrome.
The most frequently reported childhood cancers in the carrier lines were ACTs (n ϭ 48) and brain tumors (n ϭ 6). In the 48 children with ACTs, genomic DNA from available blood (n ϭ 31) or tumor samples (n ϭ 8) consistently contained the R337H mutation. Five other cancers were identified among carriers screened at birth: neuroblastoma (n ϭ 1), glioblastoma multiforme (n ϭ 1), CPC (n ϭ 2), and Burkitt lymphoma (n ϭ 1). The most frequently reported adult cancers were breast (n ϭ 93), stomach (n ϭ 81), and brain (n ϭ 32) tumors. ACTs were reported in three adults.
Cost Effectiveness
Our results suggest that 90% to 95% of children with ACTs would be cured without morbidity as a result of screening (newborns and relatives) followed by surveillance (Data Supplement). ACTs associated with homozygous R337H, other rare TP53 mutations, or wild-type TP53 may have a different natural history but would account for few patient cases. Without screening and surveillance, only 50% of children with ACTs survive, and many require intensive, toxic chemotherapy. The overall cost of fully implemented screening and surveillance is approximately US$1,000,000, and six lives would be saved (40% of 15 patient cases), at a cost of US$166,000 per life saved.
DISCUSSION
Our surveillance program was highly effective in detecting ACTs of low weight and volume. Remarkably, maximum tumor weight was only 45 g among surveillance participants, compared with 780 g among nonparticipants. Age at diagnosis was not related to tumor weight or volume.
An important strength of our surveillance approach was the selection of children on the basis of a genetic abnormality predisposing to ACTs, allowing sensitive monitoring throughout the primary age range of the tumor. The interval between surveillance procedures reflected our observation that mild virilizing signs of short duration (1 to 4 months) are usually associated with small (stage I) ACTs. All seven tumors in R337H-heterozygous surveillance participants were small (stage I) when detected, and as in our previous study, 17 all children survived 36 to 60 months postdiagnosis. In contrast, the eight ACTs in nonparticipants were associated with advanced virilization, significantly greater tumor weight (P ϭ .003) and volume (P ϭ .007) at diagnosis, and more adverse events. Relapse and survival rates could not be compared in participants versus nonparticipants because of the small number of patients. The similar frequency of ACTs in surveillance participants and nonparticipants indicates the absence of selection bias. Two R337H-homozygous children experienced local relapse within 1 year of diagnosis (Table 2 ; patient 16). This limited observation suggests that the ACT phenotype may be more aggressive in R337H-homozygous children.
The impact of screening alone, accompanied by information about ACTs and R337H, could not be directly assessed because of the small size of this category. Historically, however, advancedstage disease has seemed to be more frequent among unscreened and uninformed families. 4 For example, four of five carriers with ACTs reported in 2011 had advanced ACTs at diagnosis; all of these families were rural and unaware of ACTs or the TP53 R337H mutation. 18 These findings suggest that identification of newborn carriers and education of parents about the signs and symptoms of ACTs are useful.
Identification of the TP53 R337H mutation at birth, followed by close biochemical, radiologic, and clinical monitoring, seems to be cost effective for identifying and optimally treating early-stage ACTs, with no loss of quality of life. All seven surveillance participants who had ACTs had no clinical signs or only mild virilization at diagnosis. The estimated cost per life saved was approximately US$166,000, less than the cost of managing children with leukemia who need hematopoietic stem-cell transplantation. Moreover, because children are expected to live approximately 60 to 70 years, the cost per year of life saved per child was approximately US$2,371. Only approximately 50% of the parents of mutation-positive children consented to ACT surveillance. Incomplete participation substantially reduces the benefits of screening. The underlying reasons for nonparticipation are unclear but are likely to involve socioeconomic and cultural factors. Future efforts may increase surveillance participation. For example, with consent, community health agents and physicians could be alerted to and monitor childhood carriers. Periodic updates about carriers' health could be sought from parents and providers, also facilitating preventive care for adult carriers. In our program, all carriers age Ͼ 25 years who accepted genetic counseling were encouraged to undergo periodic cancer examinations.
The marked predominance of girls among our patients with ACTs is unexplained. Embryonic adrenocortical methylation patterns may be sex dependent and may cooperate with the R337H mutation to increase predisposition to tumorigenesis. DNA methylation is physiologically altered in XX embryonic stem-cell lines, explaining the instability of their karyotype.
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To our knowledge, no other report to date has identified such a large number of carriers (n ϭ 1,704) of a single TP53 point mutation in a small portion of the general population. We monitored R337H carriers between ages 2 months and 15 years on the basis of epidemiologic data. 4, 18, 20 Biochemical and imaging surveillance of carriers is known to improve survival in Li-Fraumeni families, 21 and all surveillance participants survived in our study.
Childhood screening based on familial cancer history or features of Li-Fraumeni or Li-Fraumeni-like syndrome is inappropriate in southern Brazil, 22 because Ͼ 30% of our carrier families (three-to four-generation pedigrees) had no history of cancer. Furthermore, the cancer profile of the carrier lines differed markedly from that of LiFraumeni families, 5,23-25 particularly among children. 25 We observed no childhood soft tissue or bone sarcoma; 84% of all tumors were ACTs, and 11.5% were brain tumors, including CPC. Interestingly, 63% of reported patient cases of CPC in Paraná state 12, 26 and 65% in São Paulo 11 were positive for the R337H mutation, suggesting that this mutation increases predisposition to CPC. However, the cancer histories of our 353 families showed ACTs (48 patient cases) to be much more prevalent than CPC (two patient cases). The cost effectiveness of surveillance for CPC in R337H carriers remains to be determined. It is possible that R337H carriers are predisposed to other Li-Fraumenicomponent tumors, including sarcomas, at older ages. Taken together, our findings support the proposed role of age-, sex-, and tissue-specific factors in the cancer predisposition profiles of different TP53 mutations. 24 Longer follow-up of more carrier newborns is needed to confirm the incidence of ACTs and of other tumors and lifetime risk of cancer.
Our findings apply to a single state and unique TP53 mutation associated with a rare childhood tumor. However, this mutation has a similar estimated frequency in a Brazilian population of almost 70 million, 2,10,11,27 thus providing translational research opportunities to improve prevention and treatment of p53-associated disorders. 28 Importantly, a subset of R337H carriers seems to have a lifetime predisposition to common malignancies. Our findings have broad implications for many areas of biomedical and public health research, including NBS, cancer epidemiology, and carcinogenesis.
To our knowledge, our study is the first to use neonatal genomic DNA testing to select children for surveillance for a specific malignancy. Other pediatric cancer screening programs have been less successful. For example, catecholamine screening and surveillance for neuroblastoma (highly curable if detected early 29, 30 ) yielded many false positives and identified patients who regressed spontaneously. Furthermore, only children age Ͻ 1 year underwent surveillance, whereas older children had more-aggressive neuroblastomas. Our results provide aframeworkforstudiesofthegeneraluseofscreeninginregionswithhigh R337H prevalence 12 or with other frequent tumor-predisposing mutations. If full surveillance is not feasible for R337H carriers, parental counseling and enhanced health care contact could be rapidly implemented. The R337H assay used in our study is suitable for mass screening and is feasible within the Brazilian public health system. We propose collaborations among governmental and nongovernmental agencies, academic centers, and community health care providers 31 to reduce mortality and morbidity in identified carriers.
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